We used titration with the inhibitors tetramethylene sulphoxide and isobutyramide to assess quantitatively the importance of alcohol dehydrogenase in regulation of ethanol oxidation in rat hepatocytes. In hepatocytes isolated from starved rats the apparent Flux Control Coefficient (calculated assuming a single-substrate irreversible reaction with non-competitive inhibition) of alcohol dehydrogenase is 0.3-0.5. Adjustment of this coefficient to allow for alcohol dehydrogenase being a two-substrate reversible enzyme increases the value by 1.3-1.4-fold. The final value of the Flux Control Coefficient of 0.5-0.7 indicates that alcohol dehydrogenase is a major rate-determining enzyme, but that other factors also have a regulatory role. In hepatocytes from fed rats the Flux Control Coefficient for alcohol dehydrogenase decreases with increasing acetaldehyde concentration. This suggests that, as acetaldehyde concentrations rise, control of the pathway shifts from alcohol dehydrogenase to other enzymes, particularly aldehyde dehydrogenase. There is not a single ratedetermining step for the ethanol metabolism pathway and control is shared among several steps.
INTRODUCTION
The factors that control the rate of alcohol metabolism in mammals have been the subject of much debate, with two main hypotheses proposed for the rate-limiting step of the major pathway (for reviews see Crow, 1985; Crow & Hardman, 1989) . The first hypothesis states that the rate of ethanol oxidation is limited by the rate at which NADH can be reoxidized to NAD+ (Hawkins & Kalant, 1972; Khanna & Israel, 1980) , and the second hypothesis proposes that the rate of ethanol metabolism is regulated by the amount of alcohol dehydrogenase in the liver (Crow et al., 1977; Cornell et al., 1979) . Qualitative analysis of the control of the pathway has not disproved either of these hypotheses. Current approaches to quantitative analysis of metabolic regulation suggest that control is usually shared among several steps in a pathway and that the degree of control exerted by a step depends on the metabolic state of the system. Therefore there is probably not a single rate-determining step for the pathway of ethanol metabolism in the liver. The enzymes that may be important in regulating the rate of ethanol oxidation are (1) alcohol dehydrogenase, which catalyses the oxidation of ethanol to acetaldehyde, (2) aldehyde dehydrogenase, which catalyses the oxidation of acetaldehyde to acetate, and (3) the enzymes of the hydrogen shuttles and the electron transport chain, which are involved in the reoxidation of the NADH that is formed in the alcohol dehydrogenase and aldehyde dehydrogenase reactions.
A theoretical framework developed by Kacser & Burns (1973) and Heinrich & Rapoport (1974) allows the determination of a Flux Control Coefficient (CJ; nomenclature of Westerhoff et al., 1984) , which is a quantitative measure of the importance of an enzyme in the control of flux through a pathway. In the present paper the principles developed by Kacser & Burns (1973) were used to determine the Flux Control Coefficient of alcohol dehydrogenase during ethanol metabolism in hepatocytes isolated from starved rats and fed rats. We used the method of modulation, which involves altering the activity of one enzyme by small amounts (for example with an enzyme-specific inhibitor) and measuring the small changes in pathway flux that this produces.
EXPERIMENTAL Rats
Male Sprague-Dawley rats, weighing 160-300 g, were obtained from the Massey University Small Animal Production Unit. They were housed in a temperature-regulated room (24°C) with artificial light providing a 12 h-light/12 h-dark cycle. The rats were fed on a standard pellet diet, supplied ad libitum, or starved for 48 h before the experiment. In both cases there was free access to tap-water.
Preparation of isolated liver cells
Isolated hepatocytes were prepared by the method of Berry & Friend (1969) as modified by Cornell et al. (1973) . The viability of the cell preparation was initially assessed by the Trypan Blue exclusion test (Phillips, 1973) . Only cell preparations with a viability count of 85% or greater were used in the metabolic experiments. The extent ofsurvival of the cells during preparation and incubation was determined by measurement of the ATP content, which is a sensitive indicator of°2 depletion of the cells and of deterioration of metabolic performance and cell integrity (Krebs et al., 1974; Cornell, 1983) . ATP was assayed enzymically (Lamprecht & Trautschold, 1974) , after neutralization of the acidic supernatant with 3 M-KOH. Cell preparations or individual incubations where the ATP content was less than 2 gcmol/g of cells (Cornell, 1983) were not used for determination of ethanol clearance rates. In this paper metabolite contents (jmol/g) and metabolic rates (,umol/min per g) are expressed on the basis of cell wet weight, which was determined as described by Krebs et al. (1974 Procedure A. Hepatocytes (7.5 ml of suspension) were incubated with ethanol (13 mM), lactate (10 mM), pyruvate (1 mM) and inhibitor, plus Krebs-Henseleit (1932) (Cornell & Veech, 1983) and, for hepatocytes from fed rats, acetaldehyde (Stowell et al., 1978 (Braggins & Crow, 1981) , and can be high enough to inhibit alcohol dehydrogenase (Braggins etal., 1980; Crow etal., 1983b (1) :
We discuss in another section below additional factors that apply for other types of inhibition, for reversible reactions and for reactions with two substrates.
The dJ/J-dI term can be determined from a plot of normalized flux (J/J0) against inhibitor concentration (see below). The inhibition constants (K1) for TMSO and isobutyramide were obtained from the literature Hepatocytes from starved rats We have previously found that acetaldehyde concentrations are very low during ethanol metabolism by incubations of hepatocytes from starved rats. We therefore used starved rats for our initial experiments to avoid the complicating factor of variability in acetaldehyde concentrations (see below).
Procedure A. The dependence of the rate of ethanol removal on TMSO concentration in experiments using procedure A is shown in Fig. 1 . A plot of the reciprocal of the normalized flux against [TMSO] appears to be linear (inset to Fig. 1 
where a is the intercept of the reciprocal plot (close to 1 for normalized flux) and b is the slope of this plot. In fact it is preferable to fit the untransformed flux to eqn. (3): J= 1/(a+b l) (3) Using non-linear fitting of the data in Fig. 1 (Crow et al., 1983b) , as well as in perfused liver (Braggins et al., 1980) and in rats in vivo (Braggins & Crow, 1981 There is some indication in Fig. 4 that (Kacser & Burns, 1973) states that the sum of all the Flux Control Coefficients in a metabolic pathway should equal 1. It is clear therefore that, when acetaldehyde concentrations are low, 1991 alcohol dehydrogenase plays an important role in the regulation of flux through the pathway of ethanol metabolism. It is probably the most important individual enzyme, since the remaining contribution to the total of 1 would be made by a combination of the Flux Control Coefficients for aldehyde dehydrogenase and for the processes involved in NADH reoxidation, including the reactions of the malate-aspartate shuttle and the electrontransport chain. This would involve a total of at least ten enzymes and transport proteins, and therefore the contribution from each individual step is likely to be small.
When the acetaldehyde concentration is high (above 100 4uM) the apparent CJDH is decreased (Table 1) , and other enzymes may play a more important role in regulation of ethanol metabolism. The most likely candidate for this role is aldehyde dehydrogenase. It has been suggested previously that the concentration of acetaldehyde is governed by a balance between the activities of alcohol dehydrogenase and aldehyde dehydrogenase (Eriksson et al., 1975; Braggins et al., 1980; Braggins & Crow, 1981; Dawson, 1981; Crow et al., 1982; Harrington et al., 1988) . The steady-state concentration of acetaldehyde may vary widely as a result of small changes in the relative activities of these two enzymes. Dawson (1981) suggested, on the basis of qualitative experiments, that when the acetaldehyde concentration is elevated aldehyde dehydrogenase becomes an important rate-determining step. The decrease in the Flux Control Coefficient for alcohol dehydrogenase with increasing acetaldehyde concentration provides quantitative support for this idea.
Using the connectivity property (Kacser & Burns, 1973; Kacser, 1983a) and the values of CADH that we have determined experimentally, we have calculated approximate values for the Flux Control Coefficient of aldehyde dehydrogenase. This involved use of the kinetic parameters for alcohol dehydrogenase (Cornell et al., 1979) and aldehyde dehydrogenase to calculate Elasticity Coefficients (eceta1dehyde; Westerhoff et al., 1984) towards acetaldehyde for these two enzymes. Rat liver has lowKm and high-Km forms of aldehyde dehydrogenase (Siew et al., 1976) (1983a) shows that, if flux through the high-Km enzyme is 10 % of the total flux, CJLDH of the tbw-Km enzyme will be only -about 8 times CJDH. These ca-lculations show that CJLDH increases as C'DH decreases with increasing acetaldehyde concentration, and that the importance of aldehyde dehydrogenase in control of ethanol metabolism depends on the proportions of the high-Km and low-Km forms of the enzyme in the liver.
In humans, acetaldehyde concentrations present in peripheral blood during ethanol metabolism are usually very low (< 1 ,UM), but liver concentrations may be considerably higher (Lindros, 1989) . Therefore aldehyde dehydrogenase may play a significant regulatory role in human ethanol metabolism.
The quantitative analysis of this pathway has provided support for the hypothesis that alcohol dehydrogenase is, under metabolic conditions where the acetaldehyde concentration is low, an important regulatory enzyme in the pathway. Assumptions that this enzyme is 'present in excess' and 'not rate-limiting' (Hawkins & Kalant, 1972; Kalant et al., 1975) are clearly not correct. It is also clear, however, that alcohol dehydrogenase is not the only rate-determining enzyme; if it were, a Flux Control Coefficient close to 1.0 would be observed. This explains why, in the past, some experiments have lent support to the ideas that aldehyde dehydrogenase or the processes of NADH reoxidation are ratelimiting. The relative contributions of these factors under various metabolic conditions have yet to be quantitatively determined. This study illustrates very clearly that, as suggested by Kacser (1983b) , we should not be looking for a single rate-determining step for this pathway. There are a number of rate-determining steps, and the relative significance of each of these varies with the metabolic 'state of the liver.
It has been assumed for many years that, once the ratedetermining step for the pathway of ethanol metabolism was identified, it might be possible to develop drugs that would provide accelerated ethanol clearance (Alkana & Noble, 1979) . Since this pathway has several rate-determining steps, it will probably not be possible to develop a single rapid-detoxification drug, and it is probably not surprising that attempts to increase the rate of ethanol oxidation in human subjects have not been particularly successful (Crow & Hardman, 1989 when K18 = K,, (eqn. 1 of the main paper), uncompetitive (Derr, 1986) when K1. is infinite, and competitive when K11 is infinite. We wish to emphasize that many of the examples of non-competitive inhibition given in the literature are in fact cases of general non-competitive inhibition (mixed inhibition) and the general equation, eqn. (A3), which involves a substrate concentration term, should be used. For example, for inhibition of rat liver alcohol dehydrogenase by isobutyramide values of both K1, and K11 were determined ; therefore eqn.
(A3) applies.
Although has derived expressions for the Flux Control Coefficient of a one-substrate enzyme in the presence of a product, enzymes with two substrates and two products, such as alcohol dehydrogenase, have not previously been considered. Rat liver alcohol dehydrogenase has an Ordered Bi Bi mechanism (Cornell et al., 1979) . TMSO is a pure non-competitive inhibitor with respect to ethanol, with K,. = Kii; therefore TMSO binds to both E-NADH and E-NAD+, with equal dissociation constants . Isobutyramide is an uncompetitive or general non-competitive (mixed) inhibitor and binds to E-NADH more tightly than to E-NAD+ . We have derived expressions for the Flux Control Coefficient for this system on the basis that the inhibitor binds to both E-NADH and E-NAD+ or to E-NADH alone.
The denominator of eqn. (Al) can be derived from the rate equation for an Ordered Bi Bi system in the presence of a deadend inhibitor (Segel, 1975, pp. 767-779) . For an inhibitor that binds to E-NADH (EQ), the full rate equation for an Ordered Bi Bi reaction (Cornish-Bowden, 1979, p. 105) is modified by multiplying the terms contributed by [EQ] (Segel, 1975, pp. 560-563) by (1 + I/K1). In pure non-competitive inhibition, the inhibitor also binds equally well to E-NAD+ (EA) and the terms contributed by EA are also multiplied by (I+I/K1). For The corresponding equation for a general non-competitive (mixed) inhibitor would be more complex, involving two different inhibition constants. We found that the value of C'DH obtained by using eqn. (A3), which assumes general non-competitive inhibition of a single-substrate irreversible reaction, was intermediate between the values from equations for pure noncompetitive and uncompetitive inhibition for a single-substrate reaction. We have therefore used eqns. (A6) and (A7) to calculate a range of values of the modified Flux Control Coefficient for alcohol dehydrogenase, which we expect to include the values for general non-competitive inhibition.
